their function has been achieved. We suggest that this TAD can be considered as a coherent 48 functional unit in itself, with several regulatory sequences acting together to elicit a 49 transcriptional response. With one notable exception, the deletion of each of these sequences 50 in isolation did not produce any substantial modification in the global transcriptional outcome 51 of the system, a result at odds with a conventional view of long-range enhancer function. 52
Likewise, both the deletion and inversion of a supposedly critical CTCF site located in a region 53 rich in such sequences did not affect transcription of the target gene. In the latter case, however, 54 slight modifications were observed in interaction profiles in vivo in agreement with the loop 55 extrusion model, despite no apparent functional consequences. We discuss these unexpected 56 anterior to posterior (AP), about their developmental fates. In addition to this ancient role in 69 trunk patterning, subsets of the four Hox gene clusters were co-opted during evolution to 70 promote the development of secondary body axes such as the limbs and the external genitalia 71 (Dolle et al., 1991b) . In the latter case, mice lacking both Hoxa13 and Hoxd13 function fail to 72 develop external genitalia due to a complete agenesis of the genital tubercle (GT) (Kondo et 73 al., 1997; Warot et al., 1997) . 74
In the case of the HoxD cluster, the control of gene transcription in the emerging GT 75 involves cis-regulatory sequences located in a 700kb regulatory landscape positioned 5' to the 76 cluster, referred to as centromeric regulatory landscape (C-DOM). (Andrey et al., 2013 ; 77 Montavon et al., 2011; Spitz et al., 2003) . This landscape matches one of the two topologically-78 associating domains (TADs), which flank the gene cluster. The functional importance of the 79 C-DOM was confirmed by in vivo chromosome engineering studies. For example, when this 80 region was repositioned 3Mb away from HoxD, transcription of Hoxd13 in the GT was almost 81 entirely abolished (Tschopp and Duboule, 2011) and subsequent deletions spanning various 82 parts of C-DOM supported this conclusion . Genetic and biochemical 83 analyses have shown that this entire regulatory landscape is shared between GT and digits, and 84 contains multiple enhancer sequences that are active in either both or in only one of these 85 developing structures Lonfat et al., 2014; Montavon et al., 2011) . 86
Overall, it thus appears that within a large constitutive TAD structure, subtle yet specific 87 modifications of chromatin architecture are formed either in GT or in digit cells (Lonfat and 88 Duboule, 2015) . 89
Unlike the opposite regulatory landscape (T-DOM), which includes a large variety of 90 enhancers with distinct specificities regulating the 'anterior' part of the HoxD cluster, the C-91 DOM appears to be devoted to the control of the most posterior and distal terminal body 92 structures by regulating mostly Hoxd13 either in digit cells or in the GT. The tropism of C-93 DOM enhancers for Hoxd13 results from the presence of a strong chromatin boundary between 94 this target gene and the rest of the cluster (Rodriguez- Carballo et al., 2017) . Over the past years, 95 the importance of the C-DOM in controlling Hoxd genes expression has been clearly 96
Hox genes and GT development 126
To precisely assess Hox genes transcription during GT development, we initially 127 quantified their expression levels by using RNA-sequencing (RNA-seq). We analyzed datasets 128 from three different stages of GT embryonic development starting from embryonic day 12.5 129 (E12.5), E16.5 and E18.5. We observed that genes positioned in the 5' portion of both HoxA 130 (Hoxa7 to Hoxa13) and HoxD (Hoxd8 to Hoxd13) clusters were expressed at all developmental 131 stages ( Figure 1A and Figure 1-figure supplement 1). Furthermore, with the exception of 132
Hoxc11 and Hoxc10, only basal levels of mRNAs were scored for the HoxC and HoxB clusters 133 (Figure 1-figure supplement 1), consistent with previous observations (Hostikka and Capecchi, 134 1998; Montavon et al., 2008) . Overall, we detected a general decrease in the amount of Hox 135 mRNAs during GT development, in particular for Hoxd12 and Hoxd13 ( Figure 1A) . 136
To try and define the full dynamics of Hoxd transcript accumulation during GT 137 development, we micro-dissected the cloaca region (CR) at E10.5, the major contributing 138 embryonic tissue to the emergence of the GT (Georgas et al., 2015) , as well as genital buds at 139 E12.3, E13.5, E15.5, E16.5, E17.5 and E18.5. We performed RT-qPCR for Hoxd13 and 140 detected transcripts in the CR at E10.5 ( Figure 1B ), followed by a significant increase in 141 transcript levels between the CR and the E12.5 GT (p<0.0001). The mRNA levels then 142 remained constant between E12.5 and E13.5, whereas they were significantly reduced in E13.5 143 and E15.5 GTs (p<0.0001). After E15.5, the transcript levels continued to decrease yet to a 144 lesser extent (between E15.5 and E18.5; p= 0.0175, Figure 1B ), confirming the RNA-seq 145 results ( Figure 1A) . 146
We next compared chromatin accessibility and selected histone modifications in three 147 developmental stages to correlate with transcript levels. We used the CR at E10.5 (prior to GT 148 formation, low Hoxd13 expression), GT at E13.5 (early GT development, high Hoxd13 149 expression) and GT at E17.5 (late GT development, low Hoxd13 expression) and performed 150 ATAC-seq and ChIP-seq for both H3K27ac and H3K27me3 chromatin marks. At E10.5, prior 151 to GT formation, all Hoxd genes and Evx2 were accessible as defined by ATAC-seq ( Figure  152 1C). H3K27ac signals of moderate intensity were scored over the Hoxd9 to Evx2 interval as 153 well as peaks on the promoters of Hoxd1, Hoxd3, and Hoxd4 ( Figure 1C ), indicating a 154 somewhat general activity of Hoxd genes in this region of the body axis. This was confirmed 155 by a low coverage in H3K27me3 marks, which were detected mostly over the Evx2 gene 156 flanking the Hox cluster ( Figure 1C , gray area). 157 At E13.5, in the growing genital bud, a different picture was observed with a whole 158 inactivation of the cluster from Hoxd1 to Hoxd10-11, as indicated by a robust coverage of this 159 region by H3K27me3 marks and the disappearance of H3K27ac marks and ATAC-seq signals 160 ( Figure 1D ). In contrast, ATAC-seq peaks remained in the Hoxd11 to Evx2 region, 161 accompanied by a large increase in H3K27ac signals ( Figure 1D ) reflecting full transcription 162 of the latter genes. At this stage, a clear separation of the cluster into two distinct epigenetic 163 domains was scored, reminiscent of the situation described in distal forelimb buds (Andrey et 164 al., 2013) . At E17.5, this clear dichotomy between epigenetic domains was still detected for 165 H3K27ac signals, though at a lower magnitude, but started to vanish when H3K27me3 marks 166 were considered, with their progressive spreading over the entire gene cluster. These data are 167 in agreement with the analysis of mRNA levels as observed by both RNA-seq and RT-qPCR. 168 169 Implementation and decommissioning of a chromatin architecture 170
Hoxd genes are regulated in the developing GT by long-range acting sequences 171 positioned within the flanking, centromeric-located TAD (C-DOM; Figure 2A ). To assess the 172 dynamics of the TAD structure during bud development, we used circularized chromosome 173 conformation capture combined with high-throughput sequencing (4C-seq) to reveal the 174 physical chromatin interactions established between Hoxd13 and the C-DOM, at various 175 developmental stages. Hoxd13 was selected as a viewpoint since it is the highest expressed 176
Hoxd gene in this tissue and because its disruption leads to alterations in external genitals 177 (Dolle et al., 1993; Kondo et al., 1997; Warot et al., 1997) . We micro-dissected CR at E10.5 178 and GTs at E12.5, E13.5, E15.5, and E17.5, and used forebrain at E12.5 as a control tissue 179 lacking Hoxd mRNA. As a baseline to our temporal series, we used a mouse embryonic stem 180 cells (mESC) dataset assuming that these cells somehow reflect the 181 ground-state 3D architecture of the gene cluster. 182
In mESC, contacts between Hoxd13 and the C-DOM were mainly scored in the island 183 ). This dataset showed a C-DOM specific chromatin architecture that is organized before 194 the emergence of the genital bud. 195
In subsequent stages of GT development (E12.5 or E13.5), contacts between various 196 enhancer regions and Hoxd13 continued to increase to reach a maximum at E13.5 with an 197 and presented strong coverage by H3K27ac marks in the GT ( Figure 3A ). We generated the 265 Del(Prox) allele, a micro-deletion of the Prox sequence ( Figure 4A ), and observed a 36% 266 decrease in the expression of Hoxd13 by qPCR in E12.5 GTs (p=0.006) ( Figure 4C ). This 267 severe impact seemed to be exclusively quantitative, as the Hoxd13 expression pattern detected 268 by whole mount in situ hybridization (WISH) remained unchanged ( Figure 4D ). This result 269 indicated that the Prox enhancer accounts for more than a third of the Hoxd13 transcriptional 270 efficiency and is thus a major contributor to this regulation in GT. 271 We then looked at whether this effect was 'enhancer-autonomous' or if it involved a 272 significant reorganization of the entire C-DOM regulatory landscape by performing ATAC-273 seq and 4C-seq in both control and Del(Prox) mutant E13.5 GTs ( Figure 4E Figure 4E ). Likewise, when we examined the potential importance 276 of Prox in building the C-DOM interaction landscape by 4C-seq using Hoxd13 as a viewpoint, 277
we only noticed minor alterations in the frequency of contacts between Hoxd13 and discrete 278 cis-regulatory elements ( Figure 4F ). We thus concluded that the Prox enhancer, while of 279 critical importance for regulating Hoxd13, does not actively contribute to the general 280 architectural organization of the locus. 281 282
Identification of GT-specific enhancers 283
In order to identify other elements acting in GT, we then focused on the genomic 284 interval positioned between the SB and the rel5 breakpoints ( Figure 5A ), since this region 285 accounted for 76% of Hoxd13 expression in the incipient bud (see Figure 3C ). Based on 286 ATAC-seq, H3K27ac ChIP-seq, 4C-seq datasets and on DNA sequence conservation, we 287 selected five sub-regions of approximately 30kb in size and tested them for enhancer activity 288 in transgenic assays ( Figure 5B , C). Each region was cloned upstream of a LacZ reporter gene 289 driven by a minimal beta-globin promoter and integrated at random positions in the mouse 290 genome. 291 X-gal staining of E13.5 transgenic embryos revealed enhancer activity in the GT for 292 the IIIE and IVE sequences ( Figure 5C ), in cellular territories included within the wider 293 expression domain of Hoxd13 in this tissue. These two sequences showed complementary 294 specificities, with IIIE active in dorsal GT cells, whereas the IVE sequence strongly labelled 295 the ventral half of the GT ( Figure 5C ). Embryos injected with the E1 sequence showed a weak 296 only signal on the GT ( Figure 5C ) and no staining was scored either when using the VE, or the 297 E2 sequences ( Figure 5C ), despite their promising chromatin signatures. Of particular interest, 298 the VE region includes a CTCF binding site. These elements are involved in facilitating 299 enhancer-promoter contact by DNA-looping (e.g. (Long et al., 2016) and this particular CTCF 300 binding sequence is the only strongly occupied site present in the ca 550kb-region between 301
Evx2 and island II. 302 Therefore, out of the five regions tested, only E1, IIIE, and IVE showed some activity 303 in the developing GT. We also re-investigated the activity of the GT2 sequence in transgenic 304 embryos and scored a strong staining throughout the bud ( Figure 5C ). These experiments 305 highlighted the regulatory complexity of the C-DOM, with individual enhancer elements 306 displaying distinct and complementary patterns of activity (e.g., IIIE and IVE), while others 307
show largely overlapping domains of expression (e.g., GT2). 308 309
Serial deletions of single cis-regulatory elements 310
To further evaluate the regulatory potential of these DNA sequences, we generated 311 deletion alleles for all suspected enhancers located between the rel5 and SB breakpoints. When 312 deleted, this region had the largest impact upon Hoxd13 transcription ( Figure 3C ). Therefore, 313 independent mouse strains were produced carrying either a Del(GT2), Del(IV) or Del(IIIE) 314
allele. In addition, to assess the importance of bound CTCF proteins within island V, we both 315 deleted and inverted this region (Del(V) and Inv(V), respectively) ( Figure 6A ). As a read out, 316
we quantified Hoxd13 mRNA levels by RT-qPCR and examined the transcripts distribution by 317 WISH. Unexpectedly, we did not detect any significant difference, either in transcript levels or 318 in their spatial patterns, in any of the Del(GT2), Del(IV), Del(IIIE), Del(V) and Inv(V) alleles 319 ( Figure 6B , C). Unlike the Prox sequence analyzed above, these results suggest that none of 320 these sequences is in itself functionally important enough to elicit a visible transcriptional 321 effect upon the main target gene, at least in the GT and at the developmental stage considered. 322
The lack of visible effect of the Del(GT2) allele was particularly surprising, for this 323 sequence displayed a strong, highly specific and continuous staining in the GT in transgenic 324 embryos and also because of the robust transcriptional down-regulation obtained when using a 325 larger deletion including it. Consequently, we performed both 4C-seq and ATAC-seq in 326
Del(GT2) homozygous GT at E13.5 to assess whether this deletion would at least impact the 327 functional organization of the regulatory landscape ( the distribution of bound CTCF was as for limb buds cells (Lonfat, 2013) , with a series of 360 strong sites at its 5' extremity flanking Hoxd13 and orientated towards C-DOM ( Figure 7A ). 361
We first verified the CTCF binding profiles in the two island V mutant alleles. As 362 expected, the Del(V) allele showed a complete loss of CTCF associated with island V (Figure  363 7A). In contrast, when we analyzed CTCF occupancy in the Inv(V) allele in GT at E13.5, a 364 strong CTCF binding to the major peak was detected, indicating that the inversion of the site 365 did not affect its binding capacity ( Figure 7A ). We next looked at the potential impact of either 366 deleting or inverting this CTCF site on the remaining regulatory elements by performing 367 ATAC-seq in wildtype, Del(V), and Inv(V) homozygous GT at E13.5. In mutant Del(V) GT 368 cells, with the exception of the deleted region, we did not observe any change in the ATAC- Hoxd13 was unchanged in these two alleles ( Figure 6 ). 377
The position and orientation of this CTCF site suggested that it may play a role in 378 helping the central part of the C-DOM, rich in potential GT-specific elements, to reach Hoxd13 379 through the formation of a large loop. We thus performed 4C-seq by using the Del(V) and Inv(V) 380 mutant alleles on GT cells at E13.5 to investigate whether either the absence or the inversion 381 of the CTCF site would affect the interaction landscape within C-DOM. When Hoxd13 was 382 taken as a viewpoint for the Del(V) allele, the global interaction profile between Hoxd13 and 383 C-DOM was virtually identical to control ( Figure 7B ). We confirmed this result by using a 384 viewpoint positioned on island IV, at the vicinity of island V. Only a slight reduction in the 385 frequency of contacts between island IV and Hoxd13 was scored ( Figure 7B IV as a viewpoint, we also observed a reduction in contacts with Hoxd13 ( Figure 7C, arrow) . 402
Taken together, these results suggest that either the loss or the inversion of island V and its 403 associated CTCF site, had an effect on C-DOM chromatin structure. Nonetheless, this effect 404 did not greatly alter the regulatory landscape chromatin architecture, corroborating the lack of 405 impact on transcription. In this context, we used an antibody against the HOXA13 product in a CnR approach, 422 with either CR cells at E10.5 or GT cells at E13.5, i.e. before GT formation and during its 423 emergence, respectively. Previous work has shown both redundancy of binding to limb 424 regulatory elements and similarity of DNA binding motifs between HOXA13 and HOXD13 425 (Sheth et al., 2016) . As such, and because of the HOXA13 binding profile in our dataset, we 426 consider that this dataset reflects the binding of either HOXA13, HOXD13 or of both proteins 427 and is thus referred to as 'HOX13' (Figure 8 ). We detected enrichment of HOX13 binding 428 signals in both Hoxd13 regulatory landscapes ( Figure 8A cells at E10.5, HOX13 binding was found in C-DOM at discrete positions corresponding to 431 previously described regulatory elements, in particular GT1, GT2, and Prox ( Figure 8B ). All 432 these binding sites and others, with the exception of the Prox enhancer, correlated with 433 accessible chromatin sites as mapped by ATAC-seq ( Figure 8B, arrow) . In the case of Prox, 434 HOX13 binding was scored before a clear ATAC-seq signal was detected, suggesting a 435 potential role for HOX13 proteins in participating to making some of these sites accessible. 436
The few strong ATAC-seq peaks, which were not matched by HOX13 binding corresponded 437 to non-Hox gene promoters ( Figure 8B, bottom line) . 438
In E13.5 GT cells, as development progressed in parallel with C-DOM becoming fully 439 active, an overall increase of HOX13 binding was scored over C-DOM ( Figure 8B ). While 440 binding was strengthened at some sites bound at the earlier stage, other elements became both 441 accessible and bound by HOX13 such as the islands II and III regions or a sequence located 442 inside an intron of the Lnpk gene ( Figure 8B ). Overall, a good correlation was observed 443 between the increase of Hoxd13 transcript levels on the one hand, and both the activation of 444 the C-DOM regulatory landscape and the binding of HOX13, on the other. We looked at chromatin dynamics at the Hoxd locus and observed two types of 464 chromatin interactions. On the one hand, we detected contacts associated with a pre-formed 465 structure, mainly linked to occupied CTCF sites. These contacts were observed independently 466 of the transcriptional status of the cluster, as exemplified by island II and island V. On the other 467 hand, we scored interactions present only when transcriptional activation had occurred such as 468 the Prox and GT2 enhancer sequences. Our time-point series of interaction profiles revealed 469 that the C-DOM TAD seems to be activated in a coordinated manner, with all specific contacts 470 appearing mostly within the same developmental time window, suggesting that the TAD itself 471 may be considered as a global regulatory unit (see below), rather than a field containing a range 472 of disparate enhancers with specific features and acting at different times. Also, the chromatin 473 architecture associated with this specific developmental context was already observed in the 474 E10.5 CR, i.e. before the emergence of the GT. Therefore, this internal-TAD micro-475 organization predates the outgrowth of the GT structure, which suggests -but does not 476 demonstrate-a causal relationship or at least a necessity for the TAD to be fully primed for the 477 structure to develop. 478
479
Switching the TAD on and off to prevent regulatory leakages In contrast, the deletion of Prox resulted in a decrease in Hoxd13 transcripts, which in 529 itself could account for the decrease observed when the rel1 to rel5 DNA fragment was deleted. 530
This occurred in the absence of any major reorganization either of the chromatin architecture, 531 or of its accessibility to factors. Therefore, Prox seemed to act independently of the other 532 elements in C-DOM, as initially expected for a 'classical' enhancer sequence. Concerning the 533 elements located within the rel5 to SB central part of C-DOM whose deletions in isolation had 534 no detectable effect, they could be functionally redundant with one another or, alternatively, 535 compensatory mechanisms could be implemented for instance to re-direct the lost interactions 536 towards another enhancer. Also, evolution might have selected regulatory processes to cope 537 when facing particular conditions not necessarily tractable in laboratory conditions (Frankel et 538 al., 2010; Hong et al., 2008) . Our transgenic assays revealed that at least partial overlap in the 539 functional domains was sometimes observed (GT2, GT1, Prox), whereas in other cases, 540 transgenic sequences elicited complementary domain of expression (IIIE and IVE). Therefore, 541 some functional overlap between enhancers may account for the absence of phenotype 542 (Osterwalder et al., 2018 ). Finally, it is possible either that our experimental approach lacks 543 the resolution required to discern mild alterations in gene expression, perhaps occurring in a 544 subpopulation of cells, or that individual C-DOM enhancers elements may control gene 545 expression at distinct developmental stages. In the latter scenario, we may have missed the 546 by CnR before an ATAC-seq peak could be scored, in support of the idea that HOX13 protein 565 may in some instances display a pioneer effect (Desanlis et al., 2019) . 566
567

CTCF and the loop extrusion model in embryo 568
The Rel5-SB sub-region of C-DOM contains the largest series of defined GT regulatory 569 sequences involved in Hoxd13 regulation. Within this region lies island V, which contains the 570 only occupied CTCF site in the central part of C-DOM. We thus assumed that this site would 571 be instrumental to bring these enhancers towards the HoxD cluster through looping. Also, this 572 element is one of the two constitutive contacts maintained in the absence of transcription (along 573 with island II). After inversion of island V and the CTCF site contained within, the effects upon 574 the global chromatin architecture were marginal. This result is in line with the lack of 575 transcriptional decrease observed upon deleting this element. All other identified regulatory 576 sequences located nearby were still able to contact Hoxd13 with the same profile, suggesting 577 that this CTCF site had no major role in securing interactions between these enhancers and 578
Hoxd13, similar to what was suggested at another developmentally regulated locus 579 (Williamson et al., 2019) . 580
The inversion of island V and its CTCF site nevertheless resulted in a global decrease 581 of interactions with Hoxd13, balanced by an increase in interactions with the centromeric 582 region containing distal CTCF sits. After inversion, these CTCF sites were now facing the 583 island V CTCF binding site and hence these partial redistributions of interactions are in 584 agreement with the loop extrusion model (de Wit et Del(rel5-SB), and Del(SB-Atf2) alleles can be found in (Montavon et al., 2011) . Primers used 968 to genotype the remaining alleles can be found in Table supplement 1 
